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Edited by Masayuki MiyasakaAbstract Signals from germ and myoepithelial sheath cells ini-
tiate ovulation in Caenorhabditis elegans. The coordinated dila-
tion and contraction of spermatheca lead to subsequent
fertilization of oocyte. Either the dominant negative mutant
pat-3 b integrin or disruption of talin expression block ovulation
[Cram, E.J., Clark, S.G. and Schwarzbauer, J.E. (2003) Talin
loss-of-function uncovers roles in cell contractility and migration
in C. elegans. J. Cell. Sci. 116, 3871–3878; Lee, M., Cram, E.J.,
Shen, B. and Schwarzbauer, J.E. (2001) Role of b pat-3 integrins
in development and function of Caenorhabditis elegans muscles
and gonads. J. Biol. Chem. 276, 36404–36410], suggesting that
the interaction between the cell and the extracellular matrix
(ECM) is also important for ovulation. Here, we report that inte-
grin plays an essential role in fertility via IP3 signaling. Sterility
caused by RNAi of pat-3 and ECM molecules was suppressed by
increased IP3 signaling. Our data suggest that the cell–ECM
interaction controls ovulation via IP3 signaling.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The integrins are a family of ab heterodimeric cell surface
receptors for the extracellular matrix (ECM). ECM proteins
such as laminin, collagen, and ﬁbronectin bind to integrins.
Integrin-mediated interactions play a crucial role in the regula-
tion of many cell behaviors such as migration and adhesion.
Focal adhesions (FA), protein complexes composed of cyto-
skeletal and signaling molecules, serve as major connecting
points between the cell and ECM, and serve to transduce
extracellular information to the cell interior [3].
Integrin and its downstream signaling molecules appear to
control gonad formation and ovulation in the nematode, Cae-
norhabditis elegans. Dominant negative pat-3 b integrin muta-
tions create defects in ovulation [2]. The RNA-mediated
interference (RNAi) of talin, a linker protein connecting inte-
grins to the actin cytoskeleton, also showed ovulation defects
[1]. In addition, a number of proteins interacting with integrinsAbbreviations: IP2, inositol-(1,4)-bisphosphate; IP4, inositol-(1,3,4,5)-
tetrakisphosphate
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showed a sterile RNAi phenotype [6], suggesting that the
cell–ECM interaction is important in the fertility of C. elegans.
The C. elegans gonad is composed of two symmetric U-
shaped tubular ovo-testes connected to spermathecae and a
common uterus in the ventral center of the animal. In the prox-
imal gonad, oocytes arrange themselves in a single row of
graded developmental stages, which are encapsulated by myo-
epithelial sheath cells (somatic cells) that maintain the shape
and contraction of the proximal gonad [7,8]. The gonadal
sheath cells are connected to oocytes with gap junctions and
contract to cause ovulation in response to signals from sperm,
such as major sperm proteins (MSP) [7,9].
MSP binds to the VAB-1/Ephrin receptor (EphR) on the go-
nad sheath cells to stimulate timely contraction and dilation of
the sheath cells during ovulation [10]. LIN-3/EGF is also re-
quired for ovulation and is likely secreted by maturing oocytes.
The adjacent gonad sheath cells presumably respond to LIN-3
signals via LET-23/EGFR. Genetic studies on the gonad-spe-
ciﬁc LIN-3 pathway revealed that genes involved in inositol-
(1,4,5)-trisphosphate (IP3) signaling, such as the itr-1/IP3
receptor (IP3R) and the lfe-2/IP3 kinase (IP3K), play important
roles in ovulation [11]. IP3R is an IP3 gated intracellular cal-
cium ([Ca2+]i) channel on the surface of endoplasmic reticu-
lum (ER). Binding of IP3 to IP3R releases [Ca
2+]i from ER
to the cytoplasm (Fig. 1). Recently, Yin et al. [12] have also
shown that RNAi of plc-3/PLCc, an enzyme essential for the
production of IP3, causes ovulation defects which are sup-
pressed by a gain-of-function IP3R mutant, itr-1 (sy327), dem-
onstrating that IP3 signaling is required for the proper control
of ovulation.
Here, we report that pat-3 integrin plays a crucial role in
ovulation and that integrin acts upstream of IP3 signaling to
provide proper control of ovulation.2. Materials and methods
2.1. C. elegans strains and microscopy
All strains were grown and maintained at room temperature with
E. coli OP50 bacteria [13]. The following mutant strains were used
in the subsequent experiments: wild-type N2, lfe-2 (sy326)I, rrf-1
(pk1417)I, itr-1/lfe-1 (sy290)IV, itr-1/lfe-1 (sy331)IV, and ipp-5
(sy605)X.
Gonad organization of C. elegans was examined by staining the ﬁxed
nematodes with 4 0,6-diamidino-2-phenylindole (DAPI) (0.1 lg/ml, Sig-
ma Chemical Co.) to visualize nuclei. Stained animals were observed
with a Nikon Diaphot TE2000 microscope with epiﬂuorescence. Oo-
cyte accumulation in the proximal gonad was observed with a Nikonblished by Elsevier B.V. All rights reserved.
Fig. 1. IP3 signal transduction pathways activated by LIN-3/EGF and
integrin during ovulation. Clandinin et al. [11] suggested that LIN-3/
EGF, produced by the oocyte, activates LET-23/EGFR in somatic
gonad and that LET-23 promotes the production of IP3 by stimulating
ITR-1 via PLC. We propose that integrin links ECM to IP3 signaling.
In gonad, basement membrane, specialized ECM, makes direct
contacts with somatic gonad cells. The cell–ECM interaction likely
activates PLC-3 and stimulates the function of ITR-1 in gonad sheath
cell. However, a direct linkage between integrin and PLC-3 has not
been shown. IPP-5 negatively regulates IP3 signaling, which dep-
hosphorylates IP3 into IP2. LFE-2 phosphorylates IP3 into IP4.
Currently, the function of IP4 is unknown. In our model, LFE-2
downregulates IP3 signaling.
Table 1
Sterility of pat-3 RNAi animals
Strains % Sterile (N)
N2; pat-3 RNAi 82 ± 4 (114)
rrf-1 (pk1417); pat-3 RNAi 0 (30)
N2* 0 (50)
itr-1/lfe-1 (sy290); pat-3 RNAi 0 (40)
itr-1/lfe-1 (sy290)* 0 (35)
itr-1/lfe-1 (sy331); pat-3 RNAi 12 ± 4 (58)
itr-1/lfe-1 (sy331)* 0 (40)
lfe-2 (sy326); pat-3 RNAi 46 ± 6 (65)
lfe-2 (sy326)* 0 (40)
ipp-5 (sy605); pat-3 RNAi 0 (60)
ipp-5 (sy605)* 0 (50)
N2; itr-1 RNAi 100 (37)
N2; pat-10 RNAi 100 (50)
itr-1/lfe-1 (sy290); pat-10 RNAi 99 ± 1 (96)
itr-1/lfe-1 (sy331); pat-10 RNAi 97 ± 2 (60)
lfe-2 (sy326); pat-10 RNAi 98 ± 1 (99)
ipp-5 (sy605); pat-10 RNAi 95 ± 2 (100)
N = number of animals. Each data entry represents the sum of at least
2–3 phenotypic scorings. The errors indicated are the standard error of
the mean.
*Tested on pPD129.36 control bacteria, HT115 E. coli transformed
with the empty plasmid L4440 [14].
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(DIC) optics. Images were captured with a Cool Snap CF cooled-
CCD digital camera (Roper Scientiﬁc) and analyzed by Metavue (ver-
sion 5.0) and Adobe Photoshop (version 7.0).
2.2. RNAi and characterization of phenotypes
RNAi was performed according to the protocol described by Tim-
mons et al. [14] with slight modiﬁcation. The pat-3 RNAi bacteria were
cultured in LB broth supplemented with ampicillin (50 lg/ml) and tet-
racycline (12.5 lg/ml). The cultured bacteria were seeded onto NGM
agar plate supplemented with ampicillin (50 lg/ml) and Isopropyl-b-
D-thiogalactopyranoside (1 mM). Double strand RNA expression of
seeded pat-3 RNAi bacteria was induced for more than 12 h at room
temperature. Young adult worms were placed on the seeded bacteria
and were allowed to lay eggs for 2–3 h, then the worms were removed.
The eggs on the plate were allowed to hatch and grow at 25oC. For the
fertility test, worms grown on RNAi bacteria for 48 h were transferred
to fresh RNAi plates, with a single worm per plate, and allowed to
grow for 72 h to give enough time for egg laying. Worms were scored
for fertility 120 h after initiation of RNAi. Worms laying no eggs and
containing no hatched progeny were scored as sterile. The pat-3
RNAi bacterial clones were provided by Erin Cram and pPD129.36
negative control RNAi clone was from Andy Fire. plc-3, epi-1, emb-9,
let-2, unc-52, pat-10, and itr-1RNAi clones were from the well numbers,
II-7O15, IV-5J23, III-5A13, X-7K18, II-9A20, I-2A10, and IV-3J16 of
theC. elegansRNAi library. Individual bacterial clones were purchased
from the UK HGMP Resources Center (Hinxton, UK).3. Results and discussion
3.1. RNAi of pat-3 integrin causes ovualtion defects
In order to analyze the function of integrin in fertility, pat-3
expression was inhibited by RNAi. Eighty two percent of pat-
3 RNAi animals in N2 background produced no progeny
(n = 114). Mutations in rrf-1 cause RNAi resistant phenotypesin the somatic cells [15]. None of the rrf-1 (pk1417) pat-3 RNAi
animals were sterile, consistent with a role for integrin expres-
sion in the somatic gonad rather than in the germ cells (Table 1).
To examine the sterility in detail, pat-3 RNAi animals were
examined for oocyte accumulation in the proximal gonad as a
measure of defective ovulation (Fig. 2). When the pat-3 RNAi
animals were stained with DAPI to visualize the germ cell
chromosomes, polyploid germ cells were observed (Fig. 2). De-
fects in ovulation due to lack of the contraction in the somatic
gonad give rise to sterility and endomitotic oocytes (Emo)
[9,16]. These data suggest that PAT-3/integrin is essential in
the somatic gonad to promote ovulation, possibly by activat-
ing sheath cell contraction.3.2. Integrin links to IP3 signaling
Clandinin et al. have shown that gain-of-function itr-1/lfe-1
(gf) or reduction-of-function lfe-2 (rf) alleles suppress the ste-
rility of the epidermal growth factor (EGF) mutant, lin-3
(n1058). They identiﬁed itr-1/lfe-1 and lfe-2 as the down-
stream eﬀectors of the LIN-3/EGF gonad-speciﬁc pathway
[11,17]. The itr-1 gene encodes an inositol-(1,4,5)-trisphos-
phate receptor (IP3R) that functions as an IP3 gated [Ca
2+]i
channel on the ER. The lfe-2 gene encodes an inositol-
(1,4,5)-trisphosphate kinase (IP3K), an enzyme that converts
IP3 into IP4 (Fig. 1).
To test whether PAT-3/integrin acts through the IP3 signal-
ing pathway, we examined whether the lack of itr-1/lfe-1 re-
sults in a similar pat-3 RNAi phenotype. In N2 background,
itr-1 RNAi caused a similar sterile phenotype to pat-3 RNAi
(100%, n = 37), suggesting that a decrease in IP3 signaling
causes a defect in ovulation (Table 1). We also examined
whether an increase in IP3 signaling can suppress the sterility
caused by pat-3 RNAi. First, we employed the itr-1 (gf) alleles,
sy290 or sy331, which have missense mutations in the IP3 bind-
ing domain of IP3R [11] and create constitutively activated
IP3R. The pat-3 RNAi produced no sterility in the itr-1/lfe-1
(sy290) background and signiﬁcantly less sterility in the itr-1/
Fig. 2. Proximal gonads of pat-3 RNAi animals. (A) The DIC image
of a wild-type N2 animal grown on pPD129.36 RNAi vector control E.
coli shows a line of developing oocytes (arrows) in the proximal arm of
gonad. (B) DAPI staining image of wild-type N2 on pPD129.36 E. coli
shows that oocytes in the proximal gonad appear to have typical
diakinetic nuclei (arrow heads). (C) N2 animal treated with pat-3
RNAi (DIC image) showing accumulated oocytes in the proximal
gonad (arrows). (D) DAPI staining of pat-3 RNAi treated N2 animal
with endomitotic oocyte nuclei accumulated in the proximal gonad
(arrow heads). (E) lfe-1/itr-1 (sy290) animal treated with pat-3 RNAi
(DIC image) showing that pat-3 RNAi did not cause oocyte accumu-
lation in the proximal gonad (arrows). (F) DAPI staining of lfe-1/itr-1
(sy290) treated with pat-3 RNAi animal with no sign of endomitotic
oocytes (arrow heads). Bars = 20 lm.
Table 2
Sterility of plc-3 RNAi animals
Strains % Sterile (N)
N2; plc-3 RNAi 78 ± 4 (114)
rrf-1 (pk1417); plc-3 RNAi 0 (30)
itr-1/lfe-1 (sy290); plc-3 RNAi 11 ± 4 (70)
itr-1/lfe-1 (sy331); plc-3 RNAi 12 ± 3 (124)
lfe-2 (sy326); plc-3 RNAi 42 ± 6 (79)
ipp-5 (sy605); plc-3 RNAi 6 ± 3 (81)
N = number of animals. Each data entry represents the sum of at least
2–3 phenotypic scorings. The errors indicated are the standard error of
the mean.
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of the lfe-2 (sy326), a reduction-of-function allele, animals
grown on pat-3 RNAi bacteria were sterile, suggesting thatthe increase in IP3 signaling by itr-1 (gf) and lfe-2 (rf) alleles
signiﬁcantly suppresses the sterility caused by pat-3 RNAi.
We also tested another gene, ipp-5, in the IP3 signaling path-
way. ipp-5 is a gene encoding a type I 5 0-phosphatase that
cleaves a phosphate group from IP3and negatively regulates
the concentration of IP3 in the cells (Fig. 1). A loss-of-function
(lf) allele of ipp-5 likely increases IP3 signaling and has been
shown to suppress the sterility of lin-3 (n1058) [18]. When
the ipp-5 (sy605) lf animals were grown on pat-3 RNAi bacte-
ria, they were fully fertile (0% sterile, n = 60) (Table 1).
Suppression of pat-3 RNAi led us to investigate that the sup-
pression is an eﬀect of general resistance to feeding RNAi in the
IP3 mutants. To test this possibility, RNAi of pat-10/troponin C
(TnC) was performed because a study has shown that RNAi of
pat-10/TnC caused Emo and defective ovulation [19]. pat-10/
TnCRNAi caused sterility in all lines (Table 1), leaving the pos-
sibility of general resistance to feedingRNAi in themutant lines.
Therefore, we conclude that genes involved in IP3 signaling
such as itr-1, lfe-2, and ipp-5 are in the same linear pathway
with integrin and that integrin likely increases IP3 signaling
to promote ovulation in the somatic gonad tissue.
3.3. Role of plc-3/PLCc
IP3 is produced by the hydrolysis of phosphatidylinositol-
(4,5)-bisphosphate (PIP2) into IP3 and diacyl glycerol (DAG)
(Fig. 1). This process is catalyzed by phospholipase C (PLC).
We searched for PLC homologs in the C. elegans genome and
found from a previous work that RNAi of plc-3/PLCc resulted
in sterility [20]. plc-3/ PLCc is likely a major source of IP3 in the
somatic gonad and the reduction of plc-3/PLCc by RNAi likely
decreases IP3 signaling. Therefore, we performed plc-3RNAi in
N2 background and found a high degree of sterility (78%,
n = 114) and Emo (data not shown), similar to that of pat-3
RNAi (Table 2). We also tested the pathway between plc-3
and IP3 signaling by performing plc-3 RNAi in the background
of IP3 signaling mutants. The mutations in itr-1 (gf) and ipp-5
(lf) suppressed the plc-3 RNAi sterility. The plc-3 RNAi in
itr-1 (sy290) or itr-1 (sy331) backgrounds resulted in 11%
(n = 70) and 12% (n = 124) sterility, respectively. In the case
of ipp-5 (sy605), plc-3 RNAi yielded 6% (n = 81) sterility. Simi-
lar to pat-3 RNAi sterility, lfe-2 (sy326) showed a reduced
suppression of plc-3 RNAi sterility (42%, n = 79). These results
suggest that wild type plc-3/PLCc increases IP3 signaling and
likely acts upstream of itr-1/lfe-1, lfe-2, and ipp-5.
3.4. Cell–ECM interaction links to IP3 signaling
The suppression of pat-3 RNAi sterility by the mutant alleles
of itr-1, lfe-2, and ipp-5 suggests that these genes are downstream
Table 3
Sterility of emb-9 and epi-1 RNAi
Strains % Sterile (N)
N2; emb-9 RNAi 82 ± 5 (62)
rrf-1 (pk1417); emb-9 RNAi 0 (30)
itr-1/lfe-1 (sy290); emb-9 RNAi 20 ± 5 (54)
itr-1/lfe-1 (sy331); emb-9 RNAi 35 ± 4 (162)
lfe-2 (sy326); emb-9 RNAi 66 ± 3 (145)
ipp-5 (sy605); emb-9 RNAi 10 ± 3 (87)
N2; epi-1 RNAi 87 ± 4 (79)
rrf-1 (pk1417); epi-1 RNAi 0 (30)
itr-1/lfe-1 (sy290); epi-1 RNAi 20 ± 4 (111)
itr-1/lfe-1 (sy331); epi-1 RNAi 47 ± 6 (77)
lfe-2 (sy326); epi-1 RNAi 51 ± 4 (144)
ipp-5 (sy605); epi-1 RNAi 5 ± 2 (86)
N2; let-2 RNAi 4 ± 3 (45)
itr-1/lfe-1 (sy290); let-2 RNAi 6 ± 3 (48)
itr-1/lfe-1 (sy331); let-2 RNAi 0 (51)
lfe-2 (sy326); let-2 RNAi 0 (55)
ipp-5 (sy605); let-2 RNAi 2 ± 2 (50)
N2; unc-52 RNAi 7 ± 2 (108)
N = number of animals. Each data entry represents the sum of at least
2–3 phenotypic scorings. The errors indicated are the standard error of
the mean.
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RNAi of ECM genes, emb-9/collagen IV (a1) [5], epi-1/laminina
[4], let-2/collagen IV (a2) [21], and unc-52/perlecan [22], would
phenocopy the sterility shown in pat-3 RNAi animals. As ex-
pected, both emb-9 or epi-1RNAi animals inN2 showed sterility
(Table 3). The sterility of emb-9 or epi-1 RNAi was also sup-
pressed in mutants with increased IP3 signaling. As described
in Table 3, emb-9 or epi-1RNAi in itr-1 (gf) or ipp-5 (lf) showed
signiﬁcantly reduced or no sterility, suggesting that IP3 signaling
is likely linked to the ECM.However, RNAi of let-2/collagen IV
(a2) or unc-52/perlecan showed no sterility in N2 and increased
IP3 backgrounds (Table 3). Taken together, our data demon-
strate that the ECM defects can be suppressed by an increase
in IP3 signaling, implying that the ECM provides extracellular
signals through integrins and IP3.
Our data suggest that integrin is an important factor for
ovulation in C. elegans. The fact that pat-3, emb-9, or epi-1
RNAi produced fertile animals in the itr-1 (gf) background
provides us with a new insight on integrin signaling; the cell–
ECM interaction may be linked to IP3 signaling. Studies have
indicated that itr-1 is expressed in pharynx, muscle, and gonad
and that the loss of itr-1 perturbs the rhythmic contraction in
pharyngeal pumping and defecation [17]. We have found that
it also aﬀects ovulation (this study).
Our results show that plc-3/PLCcRNAi causes sterility, dem-
onstrating that plc-3/PLCc is involved in ovulation. plc-3RNAi
was suppressed by itr-1/lfe-1 (gf), suggesting that plc-3/PLCc is
linked to IP3 signaling. However, direct interaction between
integrin and plc-3/PLCc in C. elegans has not been demon-
strated. In a cell culture system, Vossmeyer et al. [23] reported
that PLCc forms an association with a1b1 integrin upon bind-
ing to ECM ligands and results in the tyrosine phosphorylation
of PLCc. It is, therefore, reasonable to speculate that integrin
interacts with PLCc to produce IP3 in the gonad tissue.
A reduction-of-function lfe-2/IP3K showed partial suppres-
sion in the sterility of pat-3, plc-3, emb-9, or epi-1 RNAi. A
possible interpretation for the leaky suppression by lfe-2
(sy326) is that the function of LFE-2 may partially regulate
IP3 concentrations in the cell. The absence of LFE-2 will signif-icantly increase the concentrations of IP3 in the cell and subse-
quently increase [Ca2+]i levels, resulting in a phenotype similar
to itr-1 (gf). Another possibility is that sy326 (rf) still produces
a partially functional IP3K, resulting in a leaky phenotype. We
speculate that the amount of IP3 increase by lfe-2 (rf) may not
be suﬃcient to fully overcome the ECM defects.
Our study provides evidence that integrin is likely linked to
IP3 signaling to control the contractility of the gonad sheath
cells. Similar to the body wall muscles, gonad sheath cells
interact with the basement membrane, a sheet-like ECM
enclosing the gonad, and form hemi-adherens junctions to
interact with the ECM molecules in the basement membrane
[7]. This study suggests that this interaction is very important
in ovulation of oocytes and that the cell–ECM interaction in
the somatic gonad likely increases IP3 signaling and subse-
quently activates the release of intracellular calcium [Ca2+]i
to promote ovulation.
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